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ACOUSTICALLY-DRIVEN MICROFLUIDIC SYSTEMS 
Amy W. Wang, William J. Benett, Lisa R. Tarte 

Lawrence Livermore National Laboratory 

ABSTRACT 

We have demonstrated a non-contact method of 
concentrating and mixing particles in a plastic 
microfluidic chamber employing acoustic radiation 
pressure. A flaw cell package has also been designed 
that integrates liquid sample interconnects, electrical 
contacts and a removable sample chamber. 
Experiments were performed on 1, 3, 6,  and 10 pn 
polystyrene beads. Increased antibody binding to a 
solid-phase substrate was observed in the presence of 
acoustic mixing due to improve mass transport. 

Introduction 

Sample pre-treatment is one of the most critical 
aspects in the development of autonomous 
microfluidic systems, yet it remains largely an 
unsolved problem. A necessary goal of these systems 
is to obviate manual handling of samples, which is 
slow, requires trained personnel, and is not cost- 
effective. Inte,grated sample preparation requires a 
high degree of functionality to truly permit biological 
or chemical analysis to be performed in a 
miniaturized system, yet the danger of sample-to- 
sample contamination dictates inexpensive, 
disposable parts. Typically the cost of a part increases 
with its functialnality. 

We propose tci use acoustic energy remotely coupled 
into a plastic chamber as a method of combining high 
functionality with an inexpensive, disposable sample 
chamber. Since the actuation method depends upon 
acoustic energy coupled in from an external source, 
integration of the piezoelectric transducers with the 
chamber is not required. Hence, plastic fluidic 
chambers can be manufactured inexpensively and 
thrown away after one use, while the piezoelectric 
transducers and associated electronics are reused. In 
addition, the electronics of acoustically-driven 
systems are isolated from the biological samples, 
reducing the likelihood of electrode fouling. This will 
increase the lifetime of the system, reduce 
maintenance, and permit continuous monitoring. The 
elimination of integrated components also allows the 
layout of the microfluidic system to be more easily 
reconfigurable and amenable to rapid prototyping. 

Mixing in a biological laboratory typically is carried 
out on a shaker table or using a vortexer. Micro-scale 
mixing is a challenge since small channel dimensions 
make it difficult to create turbulence. Acoustic mixing 
brings with it the advantages of rapid mixing, no 
moving parts, and no need for external injection of 
fluids or nozzles to create turbulence. Previous work 
has shown an increased amount of antibody binding 
in the presence of acoustic mixing [ 1-21. 

We use bulk piezoelectric transducers as an external 
source and couple the acoustic energy into plastic 
sample chambers. Distinct transport mechanisms can 
be activated by varying the orientation of the 
piezoelectric transducer and chamber configurations, 
or by changing the input energy levels. The primary 
acoustic transport principle we will employ is 
acoustic radiation pressure. 

Acoustic radiation pressure exerts a force on a 
particle. Radiation pressure generated in the presence 
of a standing wave induces a pressure field that forces 
particles to collect in the nodes or anti-nodes of the 
standing wave. The acoustic force exerted on a 
particle can be expressed as, 

F, = -4d3 R3kEA sin(2kx), 

where R denotes the particle radius, k is the wave 
number, and E is the acoustic energy density [3-71. 
The compressidensity factor, A, reflects the relative 
density and compressibility of the particle with 
respect to the ambient medim, and the sign of A 
determines whether the particles concentrate in the 
nodes or the anti-nodes of the standing wave. It 
follows that acoustic radiation pressure can be used to 
differentiate particles based on their size and their 
material attributes. 

Experimental Set-up 

Removable acoustic source. The challenge for 
efficient acoustic coupling into a plastic, water-filled 
sample chamber is to maximize transmitted energy by 
matching the acoustic impedance from a relatively 
hard and dense piezoceramic, such as lead zirconate 
titanate (PZT), to the low acoustic impedance of 
plastics and water-like liquids. Typical methods 
employ either a horn-shaped structure or use a 
coupling layer to match impedance. Metal-seeded 
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epoxies are often used as matching layers between 
PZT and fluids. To permit removal of the 
piezoceramic transducers from the sample container, 
rather than an epoxy, we use a silver-embedded 
elastomer as a imatching material. We have found that 
this coupling layer provides sufficient acoustic 
coupling for particle manipulation functions of 
interest. 

Fig. 1: Mixing sample chamber. 
Piezoceramic transducers are positioned 
down the length of the central fluid channel 
of the sample chamber. 

Device fabrication and package. Fluid channels are 
laser cut in acrylic sheets and devices formed from a 
multi-layer, bonded laminate. We have developed 
two bonding processes, solvent bonding and W- 
curable acrylic bonding. A flow cell package has 
been designed that integrates fluid interconnects 
developed by Benett et al. [8], electrical contacts to 
the piezoelectric transducers, and a removable 
sample chamber. Piezoelectric transducers are 
inserted into recessed pockets of the sample chamber. 
Electrical contact to the front and back face of the 
piezoceramic is made using conducting adhesive 
copper foil and conductive elastomer plugs. The 
elastomer plugs insert into a plastic fixture that 
mechanically clamps the piezoceramics in place. 
Electrical connectors are plugged into the fixture to 
contact the conducting elastomer. In this package 
format, use of a disposable sample chamber is 
possible. 

Fig. 2: Mixing device in package. 
Electrical interconnects are shown. 
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A mixing chamber is shown in Fig. 1, in which four 
piezoelectric (PZT) transducers are staggered down 
the length of a fluid channel. It was observed fiom 
early mixing experiments with single transducers that 
areas of high particle velocity occur at the corners of 
the piezoelectric transducers -- the transition area 
between a region of high pressure in fi-ont of the 
transducer and a region of low pressure where the 
acrylic wall is mechanically clamped. We 
consequently designed our chamber with periodic 
clamping of the fluid channel wall. Staggering the 
transducers permits a longer mixing length. The 
sample volume for this chamber was 200 pl. 

Piezoelectric transducers are driven at 15-40 Vpp 
using a HP123 function generator and Krohn-hite 
amplifier (KC1). Characterization of the piezoelectric 
transducer resonance behavior was performed on a 
network analyzer (HP123). Optimal drive 
frequencies were also determined by measuring 
current through the transducer. A resonant peak of 
355 kHz was observed for a 4 mm thickness mode 
vibration. Pulsed drive voltages were also used to 
induce mixing in the channel. Sinusoidal amplitude 
modulation was used and the modulation frequency 
was varied to determine the effect on mixing. 
Degassing of the water was not required. 

The efficacy of acoustic mixing was determined in 
mixed two-step immunoassay in which ovalbumin- 
coated 5 pm magnetic porous glass beads (Sigma) are 
bound with fluoroscein-labeled anti-ovalbumin. 100 
pg/ml ovalbumin was mixed in phosphate buffered 
saline and 0.1% Tween 20. (The preparation) The 
effect of acoustic mixing on the amount of bound 
antibody was in determined using flow cytometry to 
determine the amount of fluorescent signal. 200p.l 
MPG-OV solution was added to l00p.l a-Ov-FfM=, 
and pippetted into the mixing chamber. Acoustic 
mixing was performed for five minutes in all 
experiments. The sample was then rinse 2x in PBS- 
Tween using a magnetic separator. The beads were 
then resuspended in 300p.l and analyzed on the flow 
cytometer. 

Results 

Acoustic Mixing. Results show we are able to induce 
acoustic mixing of glass and polystyrene beads down 
the full length of the fluid channel (Fig. 3). Bead 
mixing was achieved for 1, 3, 5, 6, and 10 pm 
polystyrene beads and 5 pm glass beads. Mixing 



behavior was observed at drive frequencies that 
correlated to observed , piezoceramic resonance 
frequencies. Particle speed increased with drive 
voltage. Mixing stopped abruptly below 15 Vpp. 
Mixing plumes were observed directly in front of 
each piezoelectric transducer. Regions of highest 
particle velocity were observed in regions a and b of 
Fig. 2. Mixing along the completed channel length 
with a minimal number of piezoelectric transducers 
was achieved with a staggered transducer design. 

Fig. 3: Mixing of 10 jm polystyrene beads 
in water. 

The effect of acoustic mixing on binding kinetics was 
tested using ovalbumin binding to magnetic porous 
glass beads. Row cytometry results represents an 
average fluorescent signal over 3000 beads. 
Percentage increase in binding and was calculated as 
compared to unmixed samples. Results showed an 
increased amount of ovalbumin binding in the 
presence of acoustic mixing compared with unmixed 
samples. The mount of bound ovalbumin increased 
with piezoelectric drive voltage as shown in Fig. 4. 
We conclude that the increased particle velocity 
associated with a higher drive voltage enhances mass 
transport and consequently accelerates binding 
kinetics. 

Experiments in which the piezoelectric transducers 

mixed 4OV 

mixed 30 V 

mixed 20 V 

0 5 10 15 20 25 

%increase in binding 
due to mixing 

Fig. 4: Increased ovalbumin binding with 
increased piezoelectric drive voltage. A 0% 
increase indicates an unmixed sample. 
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were driven at 40 Vpp and amplitude modulated at 
varying frequency showed a dependence on the 
modulation frequency (Fig. 5).  Faster modulation 
frequency appears to reduce the amount of bound 
ovalbumin. Similar detrimental effects of acoustic 
mixing has been reported previously [2]. In 
previously were it was observed that higher drive 
velocities resulted in less bound antibody on a solid- 
phase substrate. It was hypothesized that the high 

5 Hz, 40V 

3 Hz, 40V 

1 Hz, 40V 

15 20 25 0 5 10 

%increase in binding 
due to mixing 

Fig. 5: Effect of pulsed mixing through 
amplitude modulation of the drive signal. 
Faster modulation frequency results in 
reduced ovalbumin binding. 

shear forces generated at the substrate surface 
interfered with antibody binding. Videotape of 
particle behavior indicates a more continuous particle 
motion under slower modulation frequencies, as 
expected. We hypothesized that the more stuttered 
particle movement induced by higher modulation 
frequency results in less mass transport. 

In order to understand better the observed mixing 
phenomenon, we performed finite element modeling 
of the fluid channel geometry. One-dimensional 
models verified generation of a standing pressure 
wave given the geometry of the chamber. Three- 
dimensional models showed a distribution of pressure 
across the length of the fluid channel. Specifically, a 
higher pressure profile at the center of the wall, with 
decreasing energy radiating towards the channel ends. 
We believe this is due to the mechanical clamping at 
the ends of the acrylic wall, which appears to cause a 
circular mixing motion at the clamped wall interface. 

Acoustic Concentration and Separation. Standing 
waves chambers were designed such that the width of 
the channel was equal to a half wavelength for the 
resonant drive frequency of the piezoelectric 
transducers. Driving the transducers 180 degrees out 
of phase results in a pressure node positioned at the 
center ofthe fluid channel. 



Concentration (Fig. 6) of polystyrene beads down the 
center of the channel was observed in water. ~ 

Polystyrene (p=1.05) is denser than water and half a 
compressor dlensity factor equal to 0.7; hence, 
collection in the pressure node is expected. 

Fig. 6 shows particle collection for piezoelectric 
transducers were driven at 20 Vpp. Bead 
concentration required a careful balance between the 
two transducers. At 430 kHz, bead concentration was 
observed after relative amplitude and frequency 
adjustment to the two transducers. An imbalance in 
radiation force resulted in mixing. 

Fig. 6: Preferential polystyrene bead 
concentration. 

Fig. 6 shows concentration of 10 pm polystyrene 
beads at the center of the fluid channel, an expected 
pressure node of the standing wave. Also shown in 
Fig. 6 is sepmation of particles based on size. The 
larger beads collect at the central node of the 
channel, while smaller, 3 pn beads remain dispersed 
in solution. Elead concentration times were on the 
order of minutes. 

Summary 
Mixing and concentration of particles in fluids has 
been shown in a plastic sample chamber with a flow 
cell package that permits reassembly and removal of 
the chamber. We have tested prototype designs that 
indicate preferential geometry for mixing versus 
concentrating functions. We have also developed a 

fabrication process suitable for large-feature channels 
using laser-cutting and solvent bonding of acrylic. 
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